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Studies of human and murine bone marrow explants have demonstrated the existence of stromal cell precursors that give rise to colonies of adherent cells in short-term cultures. Because previous data suggested that these colonies were composed of fibroblasts, the precursor cells were termed fibroblast colony-forming units (CFU-F). However, we have recently shown that the stromal cells which support hematopoiesis in murine long-term bone marrow cultures (LTBC) express collagen IV and laminin, markers associated with an endothelial cell lineage, but are negative for collagen I and 111, markers associated with a fibroblast cell lineage. Because these conflicting results suggest major functional differences between the stromal cells observed in long-term cultures and the short-term assay, we re-examined the lineage of CFU-F-derived stromal cells. Using two-color immunofluorescence, we characterized virtually all of the cells comprising individual "CFU-F" colonies derived from mouse radiation chimeras. Identification of donor (hematopoietic) or host (stromal) origin was based on surface staining for strain-specific H-2 surface antigens, and, for endothelial or fibroblast properties, on cytoplasmic staining for laminin and collagen IV, or collagens I and 111, respectively. The results demonstrate that a large proportion of the cells in CFU-F colonies are donorderived and fail to stain with any of the antisera specific for HE DEVELOPMENT of in vitro models of the he-T matopoietic microenvironment has facilitated studies of bone marrow stromal cells and their role in the regulation of hematopoiesis. One of the most widely used of these techniques, originally described by Friedenstein et al, detects individual colonies of adherent cells arising from short-term cultures of bone marrow explants.' Based on data that suggested a fibroblast lineage for these cells, the stromal precursor cells were originally termed fibroblast colonyforming units (CFU-F). However, in addition to fibroblasts, cells with marked phagocytic capacity and cells morphologi-nonhematopoietic cells. In addition, these donor-derived cells exhibit marked phagocytic capacity and stain positively with monoclonal antibodies characteristic of the monocyte-macrophage hematopoietic cell lineage (anti-T200, anti-Mac-1, F4/80). However, the remainder of the cells are host-derived cells that stain positively with antisera to collagen IV and laminin. In contrast, stains for collagen types I and 111 were negative under conditions that allowed for strong staining of control skin fibroblasts. In separate studies, using mixtures of two genetically distinct bone marrows, the cells expressing collagen IV were further shown to be clonal in origin within individual colonies, directly demonstrating that the CFU-F assay provides a quantitative measure of the numbers of marrow stromal cell precursors. Thus, the current studies establish a remarkable similarity between the hematopoietic microenvironment in the short-term CFU-F assay and the long-term culture system: the majority of adherent cells are hematopoietic cells of the monocyte-macrophage lineage, while the remainder are stromal cells whose precise lineage remains uncertain, but whose pattern of collagen expression is more consistent with an endothelial rather than a fibroblast cell origin. 0 1990 by The American Society of Hematology.
cally consistent with histiocytes and endothelial cells have been described by a number of investigator^.'.^ The description of these other cell types has therefore created uncertainty regarding the exclusively fibroblast nature of CFU-Fderived cells.
Moreover, in another important model of the hematopoietic microenvironment, long-term bone marrow cultures (LTBC), the majority of stromal cells have recently been shown to express cytoplasmic collagen IV and laminin, markers consistent with an endothelial rather than a fibroblast cell l i~~e a g e .~.~ Because the stromal cells in LTBC also support long-term hematopoiesis, the discrepancy between the apparent cell lineage of LTBC-and CFU-F-derived stromal cells brings into question the relevance of CFU-F assays and CFU-F numbers for studies of hematopoiesis.
In an attempt to clarify the relationship between these two systems, we used a previously described in situ two-color immunofluorescence assay4 to determine unequivocally the origin and lineage of the cells comprising individual CFU-F colonies. As in our previous studies, we used mouse radiation chimeras as a model system to distinguish contaminating hematopoietic cells of donor origin from stromal cells of host origin, identified by their surface immunofluorescence staining for strain-specific histocompatibility antigens. The hostderived stromal cells were further simultaneously characterized by staining for expression of lineage-specific cytoplasmic markers, such as collagens I, 111, IV, and laminin. Finally, in separate experiments, the clonality of the stromal cells was analyzed by immunofluorescence staining of individual colonies derived from mixtures of bone marrow from two strains carrying different histocompatibility antigens. 
MATERIALS AND METHODS
Mice. All mice were obtained from Jackson Laboratories (Bar Harbor, ME). Eight-to twelve-week-old C3H females (H-2Kk/k) served as bone marrow donors and 2-to 4-month-old (C57BL/6 x C3H) F1 females (H-2Kb/') served as recipients for construction of radiation chimeras, prepared as described previously: H-2Kb was therefore unique to the recipients. Chimeras were sacrificed 2 to 6 months after engraftment. The H-2Kk/' and H-2Kblb strains used in the mixing experiments were C3H and C57BL/6, respectively.
The method of Friedenstein et al' was used with the following modifications. Marrow suspensions were prepared from donor mice as previously described: The cells were suspended at a final concentration of 106/mL in Iscove's modified Dulbecco's medium (Sigma Chemical Co, St Louis, MO) supplemented with 20% fetal calf serum (Hazelton Biologies, Lenexa, KS), penicillin 50 U/mL, and streptomycin 50 & n L . Cultures were incubated in a humidified atmosphere with 5% CO, at 37OC in 35-mm suspension dishes (Miles Scientific, Naperville, IL), each containing a sterilized 22-mm square glass coverslip (American Scientific, McGaw Park, IL), and 1 mL of the cell suspension. At 1 week all the medium and nonadherent cells were removed and replaced with fresh medium. The number of colonies obtained was between 10 and 20 per lo6 cells plated, a number consistent with published data.' One to 2 days before immunofluorescence staining, 1,000 U/mL of ab-interferon (Lee Biomolecular Research Laboratories, Inc, San Diego, CA) was added to the cultures to enhance the expression of H-2K surface antigens?
Surface and cytoplasmic immunofluorescence. Immunofluorescence was performed at 1 to 2 weeks in culture. Procedures and reagents for surface indirect immunofluorescence with the mouse monoclonal antibody (MoAb) specific for H-2Kb have been previously reported.4 This antibody, directed against the host-specific surface antigen, was able to distinguish donor-derived cells from host-derived cells with a high degree of accuracy in these CFU-F cultures, as reported previously for adherent cells in LTBC: Thus, the MoAb directed against the H-2Kb determinant stained more than 99% of the adherent cells derived from host strain mice (H-2Kklb), while none of the cells from donor strain mice (H-2Kk/') were stained (data not shown). Therefore, positive staining with this antibody unequivocally identified cells as host in origin, while negative staining identified donor cells with a high degree of accuracy (more than 99%).
The reagents and methods for surface staining directed against T200 (Ly-5): Mac-1: and F4/80: and for cytoplasmic immunofluorescence for collagen IV, laminin, collagens I and 111, and fibronectin have also been previously described in detail: Additional antisera to collagens I and 111 were obtained from Chemicon International, Inc, El Segundo, CA, and sheep anti-human/calf collagen I was kindly provided by Dr Hynda Kleinman, National Institutes of Health, Bethesda, MD.
Rat MoAb MECA-IO, raised against antigenic determinants on endothelial cells, was kindly provided by Dr E.C. Butcher (Stanford Medical School, Palo Alto, CA).'' Forty-eight hours before staining with the MECA antibodies, 100 U/mL of y-interferon (provided by Dr M. Ziff, University of Texas Southwestern Medical School, Dallas) was added to each culture.
Collagen types I and IV (Collaborative Research, Bedford, MA), were used in blocking studies of the anti-collagen IV anti-serum at concentrations of 1.7 nmol and 0.8 nmol, respectively.
Procedures for phagocytic assays, cytochemistry, microscopy, and photography have been previously described: For the quantitative analysis, discrete colonies of between 100 and 1,000 cells were selected and all the cells in the colonies counted.
CFU-F cultures.
Other methods.
Exhaustive cell counts were not performed on colonies larger than 1,000 cells. However, their staining appeared to be similar to the more common smaller colonies.
RESULTS
One to 2 weeks after explantation, the cells comprising individual CFU-F colonies were simultaneously typed for donor or host origin, and expression of cytoplasmic collagens and laminin, as described in Materials and Methods. In addition, the cells were also characterized for phagocytic capacity by incubation with small latex particles for 24 hours before antibody staining. The results of this analysis showed that CFU-F-derived colonies contain two distinct populations of cells: (1) donor-derived cells exhibiting marked phagocytic capacity, and (2) host-derived cells expressing cytoplasmic collagen IV and laminin ( Table 1) .
As indicated in Table 1 , more than 99% of the donorderived cell population in CFU-F colonies also stain positively with the macrophage-specific MoAb F4/80, as well as with MoAbs directed against Mac-1 and T200, antigens found exclusively on hematopoietic cells. As expected for hematopoietic cells, the donor-derived cells do not express a variety of cytoplasmic antigens normally associated with nonhematopoietic cells, such as collagens I, 111, IV, laminin, and fibronectin. Even in mice analyzed as early as 8 weeks after transplantation, no collagen-IV-positive cells of donor origin were observed. These results provide strong evidence that the donor-derived cells in CFU-F colonies are hematopoietic cells of the monocyte-macrophage lineage.
The host-derived cells in CFU-F colonies, on the other hand, are nonphagocytic cells that express collagen IV and laminin, cell products associated with endothelial cells. An example of the cytoplasmic staining for collagen IV is shown in Fig 1A. In contrast, fibroblasts explanted from mouse skin The CFU-F colonies (n = 19) were derived from radiation chimeras (n = 5) that had been engafted for 2 to 6 months. Colonies ranged in size from 1 18 to 2,179 and in donor cells from 23% to 99% of the total cells. Data are expressed as the percent donor or host cells positive for a marker.
*In these studies, host cells were identified by the expression of the strain-specific H-2Kb antigen. In a few chimeras, the finding of occaslonal phagocytic cells of host origin (less than 5%) was consistent with low levels of residual host hematopoiesis. To facilitate comparison with completely reconstituted chimeras, phagocytes of host origin were excluded from the quantitative analysis of collagen and laminin staining.
tBecause all of the host-derived cells proved to be collagen-IVpositive in completely reconstituted chimeras, in these studies the hostand donor-derived cells were identified by the presence or absence of collagen IV, respectively.
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are entirely negative for expression of collagen IV (Fig IB) .
As an additional control to confirm the specificity of these results, blocking studies demonstrated that preincubation of the antiserum with purified collagen IV eliminated the staining of the host-derived cells in CFU-F colonies, while preincubation with collagen I did not. Just Over half of the host-derived cells also strongly express the antigen detected Figure 1C shows an example of this staining for collagen I. AS a positive control, fibroblasts explanted from mouse skin exhibit strong staining with this anti-collagen I antisera ( Fig  1D) .
To determine if the cells comprising CFU-F colonies are clonal in origin, bone marrow cells from two genetically distinct mouse strains were mixed, and at 7 days of culture the CFU-F colonies were stained for strain-specific H-2 antigens and cytoplasmic collagen IV. As shown in Table 2 , an analysis of individual colonies demonstrated that the collagen IV positive cells within an individual colony are derived exclusively from a single mouse strain in the majority of colonies examined. On the other hand, macrophages are consistently derived from both strains of mice. This result strongly suggests the clonal origin of the endothelial-like cell population and the polyclonal origin of the hematopoietic cells. Consistent with this conclusion is the observation that the cells staining for collagen IV tend to grow in large clusters, although more than one cluster can be observed in some colonies. The additional observation of occasional isolated collagen IV positive cells may account for the small numbers of nonclonal stromal cells found in a minority of the colonies.
DISCUSSION
To determine the lineage, origin, and transplantability of the cells derived from CFU-F precursors, we analyzed individual colonies cultured from chimeric mouse bone marrow by simultaneously staining for strain-specific H-2 antigens and lineage-specific cytoplasmic markers. The results of this analysis demonstrate that a major fraction of the cells in these colonies are donor-derived, and thus are transplantable cells of hematopoietic origin. Moreover, these donor-derived cells are predominantly phagocytic cells that stain uniformly with the macrophage-specific MoAb F4/80, as well as with anti-Mac-1 and anti-T200. These results are consistent with a monocyte-macrophage lineage for this cell population. Similar cells, characterized by morphology and phagocytic capacity, have been described in CFU-F from other species, although the number of such cells may be substantially smaller in canine and human CFU-F."-13
The remainder of the cells comprising CFU-F colonies are host-derived cells that label strongly with antibodies to collagen IV and laminin, cell products associated with endothelial cells. On the other hand, control fibroblasts from mouse skin are negative for these markers, and blocking studies with collagen IV confirm the specificity of this stain. In addition, the host-derived cells in CFU-F colonies are negative for cytoplasmic collagen I and collagen 111, cell products associated with the fibroblast cell lineage, while control skin fibroblasts are strongly positive for these markers.
These data, which suggest that the stromal cells in CFU-F colonies do not express markers of the fibroblast cell lineage, are inconsistent with some but not all previous Conceivably, differences in the specificity and cross-reactivity of antibody preparations to collagen I and 111 could account for the divergent observations, although a variety of anti-collagen antibodies were examined in the present studies and all yielded similar results. It should also be noted that the composition of human cultures, which may have relatively larger numbers of fibroblasts, may not be comparable with mouse cultures. In addition, we observed that in older cultures (more than 3 weeks) a few cells appeared to express low, but significant, levels of collagen I and 111, suggesting that culture conditions and age may influence the phenotype of the stromal cells in CFU-F colonies.
More difficult to reconcile with a fibroblast cell lineage, however, are the positive results obtained here with cytoplasmic stains for collagen IV and laminin. Because the two-color immunofluorescence assay demonstrated that virtually every host-derived nonhematopoietic cell in CFU-F colonies is 147  122  66  25  0  435  342  65  93  3  6 7 0  512  59  158  4   540  494  31  46  100  127  107  25  22  100  26 1  230  53  31  100  566  556  56  10  100  198  160  89  38  97  137  97  5  40  92  538  404  73  134  90  495  473  56  22  82 Only colonies with less than 1,000 cells were analyzed. Each count is from a different colony. The percent cells of strain B origin was determined by surface immunofluorescence staining for the H-2Kb antigen. Results represent pooled data from two different experiments.
collagen-IV-positive, cells with the collagen-IV-negative phenotype expected for fibroblasts, if present, must be a very small population of cells.
In addition, the majority of these cells also stain with the MECA-10 MoAb, which labels endothelial cells in mouse hematopoietic organs and stromal cells in mouse long-term bone marrow cultures. However, as compared with LTBC, the intensity of staining with MECA-10 was uniformly reduced under CFU-F culture conditions. This observed decrease in the expression of the antigen recognized by the MECA-10 MoAb may account for the significant proportion of MECA-10 negative stromal cells in CFU-F, rather than indicating any fundamental difference between the stromal cells in CFU-F and LTBC.
The mixing studies described in this report further demonstrate that within individual colonies and under in vitro conditions the stromal cell components of CFU-F are clonal in origin. This result confirms the previous assumption, based largely on the linear relationship between numbers of cells plated and observed colonie~,'~ that the CFU-F assay provides a quantitative measure of stromal precursors. However, in contrast to the clonality of the stromal cells, the hematopietic cells within individual CFU-F are clearly polyclonal in origin. Presumably this finding results from in vitro aggregation of macrophage precursors and/or from preferential macrophage proliferation in or migration to sites of stromal cell colonies.
Using a similar approach to that described here, we recently characterized the adherent cells in long-term bone marrow c~l t u r e s .~ Indeed, the relationship between the adherent cells in LTBC and the cells comprising CFU-F colonies has previously been unclear. For example, the hematopoiesis observed in LTBC has been shown to be dependent on the presence of adherent stromal cells. On the other hand, hematopoiesis is not sustained in short-term cultures, although heterotopic transplantation of CFU-Fderived cells has been reported to support hematopoiesis in vivo. I4 In this regard, the current studies demonstrate a remarkable similarity between the cells comprising the hematopoietic microenvironment of the short-term CFU-F assay and the long-term culture system. Thus, in both cases the majority of adherent cells are hematopoietic cells of the monocyte-macrophage lineage, while the nonhematopoietic cells express collagen IV and l a m i~~i n .~ Furthermore, as previously shown for the stromal cells in LTBC; the stromal cells in CFU-F are exclusively host in origin in radiation chimeras, and thus are not transplantable or derived from the hematopoietic stem cell, as previously sugge~ted.'~''' Finally, since the stromal cells within each colony are clonal, the CFU-F assay is shown to be a valid quantitative measure of the stromal cell precursors whose progeny are the predominant stromal cell population in both CFU-F and LTBC. The question whether highly purified preparations of these stromal cells can support hematopoiesis in vitro is now under investigation. Such experiments should help to define the role of the bone marrow microenvironment in the maintenance and regulation of hematopoiesis.
